The advent of gene therapy and cell therapy has led to reconsideration of standard therapies for cardiac disease. One such area of reconsideration is that of the cardiac pacemaker, which has been the mainstay of treatment for high-degree heart block and sinoatrial node dysfunction. Over the past five years, gene therapy has been used to explore the overexpression of h 2 -adrenergic receptors, the downregulation of inward rectifier current, and the overexpression of pacemaker current as potential sources of biological pacemakers. Cell therapy approaches have explored the ''forcing'' of embryonic stem cells to evolve along cardiac (and specifically pacemaker) cell lines and the use of adult mesenchymal stem cells as platforms for delivery of specific gene therapies. This review considers the strengths and weaknesses of each of the approaches used to date and attempts to look to the future of biological alternatives to electronic pacemakers.
Introduction
With few exceptions, the therapy of cardiac disease focuses on prevention or palliation; only rarely (as in some forms of congenital heart disease) is complete cure a realistic goal. Yet now there is greater promise of cure, deriving in part from attempts to revascularize the myocardium, generate new myocytes, and engineer novel functions into existing or newly generated cells. Most of this research shares the techniques of gene therapy and/or cell therapy. Among the strategies employed have been insertion of genes to replace those which are malfunctioning (e.g., cystic fibrosis [1] ), creation of new vasculature (e.g., vascular endothelial growth factor [2] ), and more recently creation of a cellular substrate to supplant abnormally functioning myocardium (e.g., cell implants to seed poorly contracting myocardium) [3] . These strategies have been met with great fanfare and variable success. Certainly, revascularization and replacement of malfunctioning myocardium carry the promise of improved contractile function. As fringe benefits, they might also reduce the incidence of arrhythmias.
There is less knowledge of the direct applicability of gene/cell therapy to arrhythmia prevention or termination. Yet, gene and cell transfer techniques offer the possibility to design and create both a trigger to initiate the heartbeat and an excitable substrate capable of propagating it. An important step in demonstrating proof of concept for gene-and cell-based antiarrhythmic therapies has been the study of potential triggers of the heartbeat, that is, the generation of biological pacemakers.
There have been at least two stimuli for designing and fabricating biological pacemakers: (1) the desire to improve on electronic pacemakers that are currently the state of the art for treating many rhythm disorders; (2) to use this paradigm as a template for developing other gene/cell-based antiarrhythmic strategies. In this review, we will define a biological pacemaker, consider the needs we envision for biological pacemakers as therapeutic tools, and review strategies in use for their development.
What is a biological pacemaker?
The sinoatrial node is the primary biological pacemaker in the heart and a potential template for any biological pacemaker to be fabricated. All channels and transporters necessary to generate the heartbeat in mammals are present in the sinoatrial node myocyte membrane and in other pacemaker tissues of the conducting system and myocardium. The sinoatrial node has the following characteristics:
1. It is a specialized tissue well-integrated electrically and structurally into the cardiac substrate, whose pacemaker current is optimally suited (see below) to initiate the cardiac impulse. 2. Its operation is determined by interactions among ion channels and pumps to initiate phase 4 depolarization and carry membrane potential towards the threshold voltage at which action potentials are elicited. 3. It initiates an impulse whose rhythm tends to be regular while the rate varies in nearly instantaneous response to the physiological and emotional demands of the body.
The modulatory checks and balances on rate and rhythm are largely the province of the sympathetic (excitatory) and parasympathetic (inhibitory) nervous systems. 4. The propagation of its impulse maximizes efficiency of cardiac contraction and output.
The sinus node generates phase 4 depolarization by activating an inward current, I f , which opens over hundreds of milliseconds-to-seconds, a time course well-attuned to physiologic heart rates ( Fig. 1) [4, 5] . However, other inward and outward currents contribute to the pacemaker potential. Inward currents include the L-and T-type calcium currents [6, 7] and tetrodotoxin-sensitive Na current [8] . Outward currents include the Na/K pump [9] and delayed rectifier, I K [10] . Still, other currents (e.g., the Na/Ca exchanger) can operate in inward or outward directions [11] . Given the ensemble function of these channels, any net increase in inward current and/or decrease in outward current would tend to increase heart rate.
Importantly, the sinoatrial node is not the only biological pacemaker in the mammalian heart. Other tissues including atrium, atrioventricular node, His -Purkinje system, and even the ventricular muscle can initiate pacemaker potentials in specific experimental or clinical settings. Such pacemaker function is readily seen as atrioventricular junctional escape rhythms and idioventricular escape rhythms manifested during high-degree atrioventricular block. These escape rhythms are progressively slower as sites distal to the sinus node are involved [12] . This redundancy is an exquisite ''fail safe'' mechanism providing cardiac output in lifethreatening situations.
A major reason for the slower rates at sites distal to the sinoatrial node is the presence of a background potassium current, I K1 , that is minimal-to-absent in the sinoatrial node [13] . I K1 is an inwardly rectifying current, which is large at diastolic potentials. As an outward current, it opposes the depolarizing influence of I f . Because I K1 is larger in ventricular muscle than the His -Purkinje system and because I f activates at more positive voltages in the His -Purkinje system than myocardium [14] , the initiation of escape rhythms by the His -Purkinje system is favored. The biophysical properties of I K1 have suggested a strategy to increase ventricular pacemaker expression and idioventricular rates, that is, to reduce the magnitude of myocardial I K1 . In principle, this would depolarize the membrane, an effect augmented by unopposed inward currents (as has, in fact, been demonstrated [15] ).
Hence, the heart incorporates a reservoir of potential biological pacemakers. However, based on the rate it generates, its modulation by autonomic influences and its position with regard to orderly activation of the myocardium, the sinoatrial node, which is ideally suited to drive the heart, provides the optimal template for a fabricated biological pacemaker.
What is the need for extrinsic pacemakers?
As recently as the mid-20th century, many patients with complete heart block were at risk of death [16, 17] . Therapy in adults was largely limited to positive chronotropic interventions, typically sublingual isoproterenol administration, which required repetition every two hours. The first mass-produced implantable pacemakers were fixed rate units featuring the attractiveness and dimensions of a sterile hockey puck, but they saved lives. A family of I f currents recorded from a myocyte isolated from the rabbit sinoatrial node. Note that time-dependent inward current was readily observable at À 55 mV within the diastolic range of potentials. Also note that the current activates over hundreds of milliseconds to seconds, ideally tuned to pacemaker depolarization. The holding potential was À 35 mV, and the temperature was 32 jC. The permeabilized patch-clamp technique was employed to avoid rundown of the current (reprinted by permission from Shi W, Wymore R, Yu H, et al. Distribution and prevalence of hyperpolarization-activated cation channel (HCN) mRNA expression in cardiac tissues. Circ Res 1999; 85:e1 -e6.). Improvements in design and manufacture, insightful adaptation of computer technologies to provide programming and microcircuitry, and imaginative approaches to a variety of cardiac pathologies have ultimately seen pacing used epicardially as well as endocardially to treat not only disorders of heart rate and rhythm but heart failure as well [17] .
The development of cardioverters/defibrillators and their incorporation in the pacemaker industry represented a further major advance [18] . Hence, the hardware and the methods initially applied to a very limited spectrum of heart rhythm disorders developed into the medical device industry and into one of the most successful and effective palliative therapies devised in the 20th century.
Why replace electrical with biological pacemakers?
Given the extraordinary effectiveness of electronic pacemakers in reducing mortality associated with complete heart block and in reducing the morbidity of sinoatrial node dysfunction, they are clearly a formidable medical therapy. Yet they have shortcomings:
(1) Electronic pacemakers impose limitations on the exercise tolerance and cardiac rate-response to emotion. Despite the use of paradigms to improve heart rate response during increased physical activity, there is no substitute currently available for the autonomic modulation of heart rate. (2) In pediatric patients, the age and size of the patient, the mass of the power pack, and the size and length of the electrode catheter become important considerations. Moreover, the hardware must be tailored to the growth of the patient. [19] , metal detectors, and magnetic resonance imaging equipment [20] have been reported to interfere at times with electronic pacemaker function.
Given these concerns, then as good as electronic pacemakers are, a biological alternative that might last for the life of the patient, respond to physiologic demands for different heart rates at different times, and activate the heart via a pathway tailored to the anatomy of disease in any individual is an exciting possibility.
What are the ideal characteristics of a biological pacemaker?
We propose that the ideal biological pacemaker would (1) create a stable physiologic rhythm for the life of the individual; (2) require no battery or electrode, and no replacement;
(3) compete effectively in direct comparison with electronic pacemakers; (4) confer no risk of inflammation/infection; (5) confer no risk of neoplasia; (6) adapt to changes in physical activity and/or emotion with appropriate and rapid changes in heart rate; (7) propagate through an optimal pathway of activation to maximize efficiency of contraction and cardiac output; (8) have limited and preferably no arrhythmic potential; (9) represent cure, not palliation.
Whereas characteristics 1-5 are self-evident, 6 -9 require some explanation as follows: clearly, if it is to fulfill the physiologic requisites of a primary initiator of cardiac rhythm, the biological pacemaker must not only develop a stable pacemaker potential but this must respond to autonomic regulation. With gene therapy, the transfected myocyte likely incorporates adrenergic and muscarinic receptor coupling pathways and will generate hormone-responsive rhythms if the transfected gene that regulates current is susceptible to autonomic regulation. In contrast, for cell therapy receptor expression and appropriate coupling to effectors may be more formidable challenges, depending on the gene and the functional signaling cascade in the cell system used.
Depending on the extent of intercurrent cardiac disease, the optimal site for impulse initiation will likely vary among patients. Hence, in most young, otherwise healthy individuals with heart block, His -Purkinje activation would be optimal. In contrast, in the presence of extensive atherosclerosis, old infarct, or fibrosis accompanying cardiomyopathy or aging, the optimal pathway may require more individualization.
An additional benefit of identifying an ideal activation path for each patient might be a reduction of arrhythmogenesis. In other words, by testing whether stimulation at a given site and over a range of physiologic rates in individual patients initiates reentrant or triggered rhythms, one might prioritize regions for pacemaker placement in any patient who harbors an arrhythmogenic cardiac substrate.
Another way to limit arrhythmogenicity is to create a biological pacemaker that neither prolongs nor shortens the action potential duration, nor increases transmural dispersion of repolarization. One means to do so would create the pacemaker by altering diastolic membrane currents while not altering any membrane currents active in the voltage ranges that characterize action potential repolarization. I f , the primary pacemaker current, fulfills this requisite [4, 5] .
What are the strategies for building a biological pacemaker?
Three strategies have been reported to create biological pacemaker activity: (1) up-regulation of neurohumoral (specifically h-adrenergic) actions on heart rate [21, 22] ; (2) reduction of repolarizing current [15] ; and (3) increasing inward current during diastole [23] . All three strategies had their foundations in 20th century pharmacology and physiology. In studies of autonomic modulation, h-adrenergic catecholamines or sympathetic stimulation increased heart rate via an increase in pacemaker current in the sinus node and in accessory pacemakers [24] , whereas increasing vagal tone or stimulating muscarinic receptors decreased heart rate [25] . In studies of ionic determinants of pacemaker activity, augmentation of hyperpolarizing, outward currents decreased pacemaker rate [26] , suggesting that the opposite intervention, i.e., decreasing hyperpolarizing, outward currents, would increase rate [15] . Finally, other pharmacological experiments demonstrated that suppressing inward current carried by I f [27] or by the T-type or L-type Ca channel [28] slows pacemaker rate.
Given that the theoretical basis for building a biological pacemaker had its foundation in 20th century pharmacology, we needed only the tools to apply this knowledge to the molecular/genetic determinants of the pacemaker potential. The necessary information was provided in part via the identification and cloning of the gene products that determine the h-adrenergic receptors, the inward rectifier current, and the pacemaker current, I f , itself. Also of central importance was the development of tools for (1) gene therapy, wherein genes encoding the molecular subunits of interest are inserted via plasmids or viral vectors into cells of the myocardium; (2) cell therapy via the use of embryonic stem cells, whose differentiation is directed into myocardial precursors manifesting pacemaker activity, or mesenchymal stem cells used as platforms to implant channels into cardiac myocytes.
A critical factor is the development of models in which to test pacemaker constructs. In vitro models of cells in culture are a standard for testing a variety of gene therapies. We have found that infecting neonatal rat ventricular myocytes with replication-deficient adenoviral constructs incorporating the gene of interest (with or without coexpression of GFP) provides a cost-effective and reproducible assay [29] . We use a variation on this model for testing the ability of stem cells to transmit the electrical signal of interest [30] . We consider a 100 times or more overexpression of current and a statistically significant effect on beating rate as standards that discriminate efficacy, but more research is required to establish uniform guidelines permitting reliable correlation of in vitro and in vivo effectiveness. As an intact animal screen, the use of guinea pig [15] , swine [22] , and dog [23, 30, 31] has been reported. Our use of dog is based on its cardiac size, tractability as a chronic model, and similar electrophysiologic properties to those of man.
We will now discuss gene therapy, as this has been employed in various models to explore all three strategies described above, and then will continue with cell therapy.
Gene therapy
In these experiments, a plasmid incorporating the gene encoding the h 2 -adrenergic receptor was injected into the atria of pigs [21, 22] . Forty-eight hours later, atrial rhythms occurred, whose rate-response to h-adrenergic stimulation significantly exceeded control. Although these experiments demonstrated that biological pacemaking was not just a concept but a potential reality, concerns exist regarding this strategy, as follows: (1) the duration of effect was brief (only 24 h); (2) there was no testing of whether such a pacemaker could drive the heart during sinoatrial or atrioventricular block; (3) modulating h-adrenergic responsiveness, even in a localized area of the heart, will not provide new pacemaker channels; rather, it will only modulate the rate of those present and to the extent that they are autonomically responsive; (4) if there is sinoatrial node dysfunction, h receptor overexpression may incorporate the risk of worsening some manifestations of the disease.
Down-regulation of outward, hyperpolarizing current
The logic here was that diminishing the hyperpolarizing currents that clamp myocardial membrane potentials at negative voltages would permit inward currents to contribute to membrane depolarization and a pacemaker potential [15, 32] . Proof of concept was provided in experiments targeting Kir2.1, the gene encoding one of the a subunits of the channel carrying the inward rectifier current, I K1 [15] . The strategy was to create a dominant negative construct by replacing three amino acid residues in the pore of Kir2.1. This construct and green fluorescent protein (GFP) were packaged in an adenoviral vector and injected into the left ventricular cavity of guinea pigs. After 3-4 days, there was about 80% suppression of I K1 , as well as the electrocardiographic demonstration of idioventricular rhythms in the hearts of the treated guinea pigs. Moreover, action potential recordings from myocytes disaggregated from these hearts demonstrated phase 4 depolarization and rapid automatic rates (Fig. 2) .
Concerns regarding this strategy are the following: (1) I K1 was down-regulated at sites throughout the ventricle, which could create competing idioventricular foci; however, focal injection of the construct would likely obviate this concern; (2) reduction of repolarizing current in this fashion results in about a 15% prolongation of repolarization [32] ; this raises concerns regarding the potential for proarrhythmia via increased dispersion of repolarization and/or occurrence of early after-depolarizations; (3) the ionic nature of this pacemaker is uncertain in that several inward currents would contribute to driving the heart in the setting of reduced I K1 . This might give rise to interindividual and regional variability of inward currents, creating rhythms of unpredictable behavior [33 -35] .
Overexpression of inward depolarizing current
Our own studies have focused on I f as the primary candidate for a biological pacemaker for two major reasons: (1) it is the only current that flows only at diastolic potential ranges and hence would have no effect to prolong action potential duration, and (2) it is well-regulated by the autonomic nervous system. The logic driving these experiments derived from the identification and cloning of the HCN (hyperpolarization-activated, cyclic nucleotide-gated) family of gene products that determine the primary pacemaker current, I f [36, 37] .
There are four isoforms of HCN, and three of these (1, 2, and 4) are present in the heart. They are all activated upon hyperpolarization and directly bind cAMP at the C-terminus. The cAMP binding shifts activation towards more positive voltages, effectively increasing inward current at a given voltage [38] . There are only small differences in the voltage dependence of activation for the three cardiac isoforms [38] ; hence, the choice of HCN gene to serve as a biological pacemaker was based on cAMP sensitivity and channel kinetics. HCN1 activation exhibits rapid kinetics but is only minimally affected by cAMP binding so it was not chosen. HCN2 and HCN4 both respond strongly to cAMP, but HCN2 has faster kinetics than HCN4 [38] and thus was the isoform of choice for our initial studies.
For our proof-of-concept studies, we hypothesized that HCN2 overexpression in myocytes might create an I f -like pacemaker current capable of initiating the heartbeat. Proof of concept was first obtained in cell culture experiments, in which rat myocytes were incubated with an adenoviral construct that incorporated the HCN2 isoform [33] . These myocytes manifested I HCN2 (the analog of I f ) over 100-fold greater in magnitude than I f in wild-type myocytes. The infected cultures beat significantly faster than controls, and the cells responded to the positive chronotropic effects of isoproterenol and to the negative chronotropic effects of carbamylcholine ( Fig. 3) .
A variation on this experiment was then performed in the hearts of intact dogs. Animals received a left atrial injection of adenovirus containing HCN2 as well as GFP, while controls received adenovirus incorporating GFP alone [21] . About 4 days later, the animals were anesthetized and right vagal stimulation was used to suppress sinus rhythm. Animals receiving HCN2 generated atrial beats originating from near the injection site; this did not occur in animals receiving GFP alone. Moreover, myocytes disaggregated from the site of injection showed I HCN2 current over 100-fold greater than native I f .
To test whether such a pacemaker could drive the ventricle during transient heart block, other dogs were subjected to catheter injection into the left bundle branch of adenovirus containing HCN2 and GFP [31] . One negative aspect of this experiment was that the catheter injection itself resulted in ecchymosis formation and ventricular ectopic rhythms arising from near the injection site for the first 48 h after injection (regardless of whether the injection incorporated HCN2 + GFP, GFP alone, or simply saline). However, these arrhythmias then ceased. The vagal stimulation protocol described above was then performed to induce atrioventricular block. Those animals receiving HCN2 developed a stable idioventricular escape rhythm (rate approximating 60 bpm) originating at a site near the HCN2 injection (Fig. 4 ). This rate was significantly faster than that of controls; the latter also manifested diverse right and left ventricular sites of impulse initiation. Isolated left bundle branches also revealed automatic rates significantly greater than those of control and GFP-injected animals. Finally, immunohistochemical and biophysical evidence of HCN2 overexpression were demonstrated [31] . Concerns regarding this strategy included (1) a 5-to 30-s period of quiescence after cessation of sinus rhythm before expression of the idioventricular rhythm; (2) the question of duration of activity of the construct used, which was anticipated to be a matter of days to weeks.
Summarizing gene therapy approaches, only I f has provided evidence of stable idioventricular escape rhythms having physiologically acceptable rates as well as evidence of autonomic responsiveness. Testing of the other approaches with regard to these criteria is awaited. Moreover, for all gene therapy approaches attempted to date, there has been no ''head-to-head'' comparison with the efficacy and duration of effect of electronic pacemakers, Fig. 4 . Effect on ECG (leads I, II, III) of injecting adenovirus containing GFP alone (upper panel) and HCN2 plus GFP (lower panel) on canine ECG 4 days after implantation. Upper panel: sinus rhythm interrupted by vagal stimulation (arrow) is followed by a very slow idioventricular rhythm. Lower panel: vagal stimulation (arrow) is followed by slowing of sinus rate and then by sinus arrest and an idioventricular rhythm faster than that with GFP alone. evidence that is important to our understanding of how to proceed in this field. Finally, gene therapy that is dependent on viral constructs is itself suspect. The replication-deficient adenoviruses used in some studies represent an episomal strategy in which the genetic material is not incorporated into the genome. Such therapy is not permanent. Other viral vectors introduce questions of infectivity and neoplasia that await exploration and solution. Hence, there are important concerns that must be addressed as this field moves forward.
Embryonic stem cells
Extensive research is now being performed on animal and human embryonic stem cells. These are pluripotent and can potentially differentiate into most of the cell types of the body. Hence, it is theoretically possible to use embryonic stem cells to create/replace any organ, a possibility that one day may be realized. The major problems encountered to date with respect to human embryonic stem cells have been sociopolitical (seen as governmental restrictions on human embryonic stem cell research) and technical. The former problem is beyond the scope of this review, although in urgent need of thoughtful, unemotional resolution. The latter problem holds for both animal and human embryonic stem cell lines; scientists have to learn how to identify cells that are precursors of a specific lineage early after cell isolation and how to ensure that cells can be brought to differentiate along and to maintain identity within that specific lineage.
Those subsets of embryonic stem cells that are of a cardiac lineage are most actively being investigated with regard to replacing damaged myocardium [39, 40] . The potential to use cells for this purpose holds exciting promise for the treatment of conditions such as intractable heart failure. Because subsets of embryonic stem cells initiate impulses similarly to pacemaker cells, their use as biological pacemakers is being explored [41] . Several problems have been identified to date. One is the property of immature embryonic stem cells to terminally differentiate and in so doing to lose their pacemaker characteristics. Hence, driving these cells down a cardiac lineage and then stopping them precisely and uniformly at the sinoatrial node stage will be a true tour de force. Another issue is the uncertainty regarding whether those embryonic stem cells that have pacemaker function will generate spontaneous rhythms as a result of the operation of the same ion channels that control pacemaker function in the human heart. Also uncertain is their autonomic responsiveness.
A different type of problem arises from the report of arrhythmic events in mouse embryonic stem cells [42] . Although heterogeneity of repolarization with occurrence of after-depolarizations and triggered activity was demonstrated in these cells, the same phenomena are seen with a variety of mature mammalian myocytes when they are disaggregated and studied as single cells or are studied in culture [43] . Hence, while this observation of arrhythmogenicity certainly was reported accurately, we would be surprised if it were as important a problem when embryonic stem cells were permitted to differentiate into mature myocytes. Certainly, if this remained the case, the concern for arrhythmogenicity would be great.
Finally, the immunogenicity of the terminally differentiated cells may present a problem to any particular host. A suggested strategy to counteract this is development and banking of multiple cell lines with tissue typing performed to determine compatibility for individual patients.
Although these concerns are formidable, research in this field is in its early stages, and the technical problems that need be met are-we believe-ultimately solvable. Hence, we view this resource as a potential source of biological pacemakers on which we can comment little at present, but whose promise is great.
Adult mesenchymal stem cells
Mesenchymal stem cells are multipotent, having the property to differentiate into a number of cell lines including musculoskeletal and connective tissues, such as bone, cartilage, muscle, tendon, and fat. These cells are readily available from various tissues of the body, although the usual means of harvest is currently via the bone marrow. A property of these cells that makes them potentially attractive for clinical use is that they may be immunopriviliged; that is, in limited studies they do not appear to have elicited major immune responses [44] . Such a property raises the possibility that banked sources of adult mesenchymal stem cells may serve as a reservoir for human administration, whereas individuals who are not viewed as recipients for banked cells can provide a source of autologous stem cells via their own bone marrow. However, the entire question of ''immunoprivilege'' must receive more concerted study before solid conclusions can be reached.
The ion channel properties of adult human mesenchymal stem cells were reported by Heubach et al. [45] . Outward currents were recorded in almost all cells. These included a Ca-activated K current active at potentials positive to + 20 mV and a clofilium-sensitive outward current at potentials positive to À 30 mV. In a few cells L-type calcium currents were recorded. We found robust expression of two specific gap junctional proteins, connexins (Cx) 40 and 43 [46] . This conclusion is based on immunhistochemistry, Western blots demonstrating protein expression and electrophysiologic recordings, and dye-transfer experiments showing cell -cell coupling between stem cell pairs and between stem cells and cardiac myocytes [30, 46] .
Given their stability in cell lines and their potential for low antigenicity, we viewed adult human mesenchymal stem cells as a potential platform for administering gene therapy and for delivering small molecules. Their potential role as such a platform was supported by their ability to transfer dye and to transmit current to one another, to other cell lines, and to myocytes [30, 46] . Moreover, immunostaining demonstrated that adult human mesenchymal stem cells injected into canine myocardium form Cx43 junctions among themselves and with ventricular myocytes [46] .
Given this information, we reasoned that adult human mesenchymal stem cells loaded with the appropriate genes might serve as a platform for a biological pacemaker. The philosophy was as follows ( Fig. 5 ): in a normal sinus node cell (or a genetically modified myocyte), phase 4 depolarization results in initiation of an action potential. Based on cell -cell current flow via gap junctions, this action potential then is propagated to other cells of the conducting system and myocardium. If a stem cell could be genetically modified to express an HCN isoform and it formed adequate gap junctional linkages to adjacent cells, then an adjacent cell having a high level of resting potential would initiate inward (I HCN ) current in the stem cell. Via current flow through gap junctions, this would depolarize the adjacent myocyte to threshold potential initiating an action potential that could propagate further in the conducting system. Moreover, as the adjacent myocyte reached the plateau range of potentials, this would serve to turn off the pacemaker current. The latter would not be reinitiated until the cell had repolarized to its maximum diastolic potential. Thus, unlike the gene therapy approach, the HCN-expressing adult human mes-enchymal stem cell would not-by itself-fire spontaneously. Rather, it would provide a source of depolarizing current that is triggered by and synchronized to the diastolic potential of the electrotonically connected myocyte and turned off when the myocyte attains its plateau potential. In effect, the two coupled cells would function as a single pacemaker unit. As such, the stem cell is a ''platform'' or ''vehicle'' that delivers gene therapy. This approach does not require that the stem cell differentiate into a myocardial or pacemaker-like cell.
In employing these stem cells to build a biological pacemaker, we must recall that the architecture of our template, the sinus node, is ideally suited to permit a small node to drive a large chamber (see Ref. [47] ). Critical coupling along a gradient reaching from the dominant pacemaking area towards the periphery is an important aspect of this structure. Coupling also plays a role, as in specific settings it may be arrhythmogenic (see Ref. [48] ). Certainly, for sinus node, the absence of I K1 and the presence of a pacing voltage range depolarized relative to that of the atrium requires sufficient isolation (i.e., uncoupling) for nodal cells to remain depolarized, and sufficient coupling to provide local circuits to activate the atrium. These open when the membrane repolarizes to its maximum diastolic potential and close when the membrane has depolarized during the action potential. Current flowing via gap junctions to adjacent myocytes results in their excitation and the propagation of impulses through the conducting system. Bottom panel: a stem cell has been engineered to incorporate HCN channels in its membrane. These channels can only open, and current can only flow through them (inset) when the membrane is hyperpolarized; such hyperpolarization can only be delivered if an adjacent myocyte is tightly coupled to the stem cell via gap junctions. In the presence of such coupling and the opening of the HCN channels to induce local current flow, the adjacent myocyte will be excited and initiate an action potential that then propagates through the conducting system. The depolarization of the action potential will result in the closing of the HCN channels until the next repolarization restores a high negative membrane potential. In summary, wild-type and genetically engineered pacemaker cells incorporate in each cell all the machinery needed to initiate and propagate action potentials. In contrast, in the stem cell -myocyte pairing, two cells together work as a single functional unit whose operation is critically dependent on the gap junctions that form between the two disparate cell types.
The delivery of HCN genes via stem cells confers different issues. The pacemaker unit includes the myocyte and its I K1 ; hence, the inward current provided by the stem cells must be sufficient to overcome the outward I K1 . Moreover, the gap junctional coupling must be sufficient to hyperpolarize the stem cells sufficiently to activate the HCN channels. Therefore, we can conceive of no optimal gap junctional coupling here; the better the coupling the more effective the unit will be.
In exploring the potential of adult human mesenchymal stem cells, we learned they have little endogenous I f , and that electroporation can be used to incorporate the cells with an HCN gene with an efficiency of 40% or greater [30] . Transfecting cells with both HCN and a fluorescent marker (i.e., GFP) provides an easy means of selecting for further use cells and populations of cells having sufficient HCN expression. These techniques permit genetic modification of cells via nonviral means (thereby removing all concerns associated with viral vectors) and facilitate sorting cell populations to decide which are/are not adequate for further study and administration. We have measured the pacemaker current in these cells and found it to be hyperpolarizationactivated, catecholamine-responsive and acetylcholine-responsive, and to be blocked by cesium [30] -all properties of the pacemaker current, I f .
We have used a cell culture system wherein a small node of stem cells expressing GFP plus the HCN variant to be studied, or GFP alone is plated on a cover slip and the node is then overlaid with a monolayer of neonatal rat ventricular myocytes [30] . The contiguous sheet of myocytes in contact with adult human mesenchymal stem cells housing the pacemaker construct beats significantly faster than myocytes in contact with adult mesenchymal stem cells expressing GFP only (Fig. 6) . This system permits the rapid study of HCN isoforms and mutations of these isoforms to inform us of rate characteristics and autonomic responsiveness.
Proof of concept for adult human mesenchymal stem cells administered as cellular nodes to the heart was obtained in canine experiments in which adult mesenchymal stem cells expressing HCN2 were injected into a small region of left ventricular epicardium [30] . A week later, vagal stimulation was performed to induce atrioventricular block. Dogs receiving HCN2 + GFP developed idioventricular rhythms having rates approximating 60 bpm that were pace-mapped to the injection site ( Fig. 7) . In contrast, animals that received adult mesenchymal stem cells expressing GFP alone manifested rates of about 45 bpm only ( p < 0.05), originating at various sites. Immunohistochemical studies revealed nests of adult human mesenchymal stem cells at the site of injection, as well as evidence for gap junctional coupling between adult mesenchymal stem cells and myocytes [30] (Fig. 8 ). Long-term experiments and comparisons with electronic pacemakers are awaited as is the demonstration of autonomic responsiveness in situ.
Concerns regarding adult human mesenchymal stem cells are major and include duration of function of the pacemaker, comparison with electronic pacemakers, and issues such as rejection, neoplasia, migration to other sites, and differentiation into other cell types.
Conclusions
We have reviewed a field that is very much in its infancy. Moreover, the biological pacemaker represents a subdivision of a field that in all its aspects promises to revolutionize the way in which medicine is practiced. Certainly, the promise of biological replacements for diseased conducting systems is as revolutionary to the field as electronic pacemakers were a half century ago. With regard to the use of stem cells, particularly, we see within the realm of probability technologies completely disruptive to existing modalities for many therapies, going well beyond biological pacemakers.
Yet, much must be done if probability is to become reality. Whether we are dealing with viral gene transfer, embryonic stem cells, or mesenchymal stem cells, much of the necessary toxicology is awaited. Will constructs or cells delivered stay where they are implanted, or will they migrate elsewhere? If stem cells are delivered, will they remain as stem cells or mature into other cell types? Will these function as well in the heart as in the model cell systems in which they are studied or will they evolve different functional characteristics? Can stem cells or viral constructs be guaranteed not to incorporate the potential for malignancy? Clearly, the challenges with regard to teratogenicity, infection, and rejection are imposing ones.
We also need to know the longevity of the constructs used. Moreover, they must be studied in competition with electronic pacemakers to ensure which of the therapies is the more reliable. Certainly, if the biological pacemaker is not as or more reliable and longer lasting than the electronic, it Fig. 8 . Immunostaining for gap junctions in a section that interfaces myocardium and stem cells from the heart of a dog that received adult human mesenchymal stem cells transfected with GFP + HCN2. DAPI staining was used to identify nuclei. Purple arrows indicate intercalated discs; white arrows, gap junctions between stem cells; and red arrows, between stem cells and myocytes (modified after Ref. [30] by permission).
will remain a research tool rather than become a clinical reality.
Given these concerns, is the endeavor worth the effort? If the goal of therapy in needy patients is to cure, rather than to palliate, we believe the effort is warranted. All the problems identified are amenable to solution using techniques we already have; it is simply a matter of expending the time and the energy until the answers are in our grasp.
